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Abstrat
We investigate several quantities, dened in the deays of top quark pairs,
whih an be used to explore non-standard Wtb interations. Two new angular
asymmetries are introdued in the leptoni deay of top (anti)quarks. Both are
very sensitive to anomalous Wtb ouplings, and their measurement allows for a
preise determination of the W heliity frations. We also examine other angular
and energy asymmetries, the W heliity frations and their ratios, as well as spin
orrelation asymmetries, analysing their dependene on anomalousWtb ouplings
and identing the quantities whih are most sensitive to them. It is expliitly
shown that spin orrelation asymmetries are less sensitive to new interations in
the deay of the top quark; therefore, when ombined with the measurement of
other observables, they an be used to determine the tt¯ spin orrelation even in
the presene of anomalous Wtb ouplings. We nally disuss some asymmetries
whih an be used to test CP violation in tt¯ prodution and omplex phases in
the eetive Wtb vertex.
1 Introdution
Preision studies have been in the past a powerful tool to explore new physis at sales
not kinematially aessible. With the operation of the Large Hadron Collider (LHC),
top physis will enter into the era of preise measurements [1℄. Due to its large mass,
lose to the eletroweak sale, the top quark is believed to oer a unique window
to physis beyond the Standard Model (SM). New interations at higher energies may
manifest themselves in the form of eetive ouplings of the SM fermions, espeially for
the top quark, muh heavier than the rest. In this work we onentrate ourselves on the
Wtb vertex. Within the SM this oupling is purely left-handed, and its size is given by
the Cabibbo-Kobayashi-Maskawa matrix element Vtb, whih an be measured in single
top prodution [24℄. In new physis models, departures from the SM expetation
1
Vtb ≃ 1 are possible [5,6℄, as well as new radiative ontributions to theWtb vertex [7,8℄.
These orretions an be parameterised with the eetive operator formalism. The
most general Wtb vertex ontaining terms up to dimension ve an be written as
L = − g√
2








(gLPL + gRPR) t W
−
µ + h.c. , (1)
with q = pt − pb (we follow the onventions of Ref. [9℄ with slight simpliations in
the notation). If CP is onserved in the deay, the ouplings an be taken to be real.
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Within the SM, VL ≡ Vtb ≃ 1 and VR, gL, gR vanish at the tree level, while a nonzero
value gR = −0.00770 is generated at one loop level [12℄. Additional ontributions
to VR, gL, gR are possible in SM extensions, without spoiling the agreement with
low-energy measurements. The size of a VR term is onstrained by the measured
rate of Br(b → sγ) = (3.3 ± 0.4) × 10−4 [13℄. A right-handed oupling |VR| & 0.04
would in priniple give a too large ontribution to this deay [14℄ whih, however,
might be (partially) anelled with other new physis ontributions. Hene, the bound
|VR| ≤ 0.04 is model dependent and does not substitute a diret measurement of this
oupling. Similar arguments applied to the σµν terms do not set relevant onstraints
on gR, beause its ontribution is suppressed by the ratio qν/MW for small qν .
Top prodution and deay proesses at LHC allow us to probe the Wtb vertex [2,4,
911℄. Top pair prodution takes plae through QCD interations without involving a
Wtb oupling. Additionally, it is likely that the top quark almost exlusively deays in
the hannel t→ W+b. Therefore, its ross setion for prodution and deay gg, qq¯ →
tt¯→ W+bW−b¯ is insensitive to the size and struture of the Wtb vertex. However, the
angular distributions of (anti)top deay produts give information about its struture,
and an then be used to trae non-standard ouplings. Angular distributions relating
top and antitop deay produts probe not only the Wtb interations but also the spin
orrelations among the two quarks produed, and thus may be inuened by new
prodution mehanisms as well. On the other hand, single top prodution is sensitive
to both the size and struture of the Wtb vertex, involved in the prodution and the
deay of the top quark [4, 10, 11℄.
In this paper we explore the sensitivity of several quantities, like angular and energy
asymmetries, heliity frations and ratios, to new non-standard Wtb interations. Our
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A general Wtb vertex also ontains terms proportional to (pt + pb)
µ
, qµ and σµν(pt + pb)ν . Sine
b quarks are on shell, the W bosons deay to light partiles (whose masses an be negleted) and the
top quarks an be approximately assumed on-shell, these extra operators an be rewritten in terms
of the ones in Eq. (1) using Gordon identities.
2
analysis is kept at a purely theoretial level, identifying the quantities whih are a
priori more sensitive to anomalous ouplings, and estimating the preision in their
experimental measurement. A detailed simulation is of ourse neessary to evaluate
the latter, and will be presented elsewhere.
2 W heliity frations and ratios
The polarisation of the W bosons emitted in the top deay is sensitive to non-standard
ouplings [15℄. The W bosons an be produed with positive (right-handed), negative
(left-handed) or zero heliity, with orresponding partial widths ΓR, ΓL, Γ0, being
Γ ≡ Γ(t → W+b) = ΓR + ΓL + Γ0. The ΓR omponent vanishes in the mb = 0
limit beause the b quarks produed in top deays have left-handed hirality, and for
vanishing mb the heliity and the hirality states oinide. The three partial widths







[|VL|2 + |VR|2] (1− x2W − 2x2b − x2Wx2b + x4b)− 4xbReVLV ∗R
+

























































{−x2W [|VL|2 − |VR|2]+ [|gL|2 − |gR|2] (1− x2b)
+2xW Re [VLg
∗
R − VRg∗L] + 2xWxbRe [VLg∗L − VRg∗R]}
× (1− 2x2W − 2x2b + x4W − 2x2Wx2b + x4b) , (2)
being xW = MW/mt, xb = mb/mt and






b − 2m2tM2W − 2m2tm2b − 2M2Wm2b)1/2 (3)
3







{[|VL|2 + |VR|2] (1 + x2W − 2x2b − 2x4W + x2Wx2b + x4b)


















−12x2WxbRe gLg∗R − 6xWRe [VLg∗R + VRg∗L]
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1 + x2W − x2b
)}
. (4)
The dierent polarisation states of theW boson are reeted in the angular distribution
of its deay produts. Let us denote by θ∗ℓ the angle between the harged lepton three-
momentum in the W rest frame and the W momentum in the t rest frame. The












(1− cos θ∗ℓ )2 FL +
3
4
sin2 θ∗ℓ F0 , (5)
with Fi ≡ Γi/Γ the heliity frations. The three terms orrespond to the three heliity
states, and the interferene terms vanish [16℄. At the tree level, F0 = 0.703, FL = 0.297,
FR = 3.6× 10−4, for mt = 175 GeV, MW = 80.39 GeV, mb = 4.8 GeV. The resulting
distribution is shown in Fig. 1, alulated from the analytial expressions in Eqs. (2)
(5) and also with a Monte Carlo simulation. The latter is performed using the tt¯
generator of Ref. [17℄, whih uses the full resonant matrix element for gg, qq¯ → tt¯ →
W+bW−b¯→ f1f¯ ′1bf¯2f ′2b¯, and hene takes into aount the top andW widths, as well as
their polarisations. Anomalous ouplings in the deay may also inluded in the event
generation. We observe that nite width orretions have a negligible inuene in the
distribution, and hene Eqs. (2)(5) an be used to make preise preditions for the
distributions.
The good agreement between the analytial alulation (with the top quark and
W boson on their mass shell) and the numerial one an be explained substituting
mt → mt(1 + ξt Γt/mt), MW → MW (1 + ξW ΓW/MW ), with ξt, ξW of order unity, in
the expressions of the heliity frations (here we introdue subsripts to distinguish the



































































Figure 1: Dierential distribution in Eq. (5) within the SM, alulated analytially and
with a Monte Carlo simulation.











































































+ . . .
]
. (6)
Linear terms have no eet when integrated with symmetri Breit-Wigner distributions,
and the quadrati terms are very small.
In the presene of anomalous ouplings, the heliity frations Fi are modied with
respet to their SM values quoted above. Their variation is plotted in Fig. 2, onsidering
that only one oupling is dierent from zero at a time and restriting ourselves to the
CP-onserving ase of real VR, gR and gL. We observe that FL and F0 are muh more
sensitive to gR than to gL and VR. This is due to the interferene term VLg
∗
R , whih
is not suppressed by the bottom quark mass as for the gL and VR ouplings. This
linear term dominates over the quadrati one and makes the heliity frations (and
related quantities) very sensitive to gR. We also remark that the phases of anomalous
ouplings inuene the heliity frations through the interferene terms whih depend
on the real part of VR, gL and gR (we have taken VL real, and normalised to unity).
Thus, the eet of omplex phases is speially relevant for gR, where the interferene
term dominates. In any ase, the maximum and minimum deviations on the heliity
frations are found for real, positive and negative (not neessarily in this order) values
5
of VR, gR and gL. The possibility of omplex ouplings is examined with more detail
in setion 6.












































Figure 2: Dependene of the heliity frations Fi = Γi/Γ on the anomalous ouplings
in Eq. (1), in the CP-onserving ase.
The heliity frations an be experimentally extrated from a t to the cos θ∗ℓ distri-
bution using Eq. (5). In order to estimate the limits on anomalous ouplings that an
be set from their measurement, we assume that the entral values obtained orrespond
to the SM predition, and take their errors from Refs. [18,19℄, giving F0 ≃ 0.703±0.016,
FR ≃ 3.6 × 10−4 ± 0.0045, FL ≃ 0.297 ± 0.016. For these values, it is found that F0
and FL have a similar sensitivity to gR, while the dependene of FR on this oupling is
smaller. On the other hand, the measurement of FR sets the strongest bounds on VR
and gL. These bounds are summarised in the rst olumn of Table 1.
The sensitivity ahieved for non-standard ouplings may be greater if we onsider
instead the heliity ratios ρR,L ≡ ΓR,L/Γ0 = FR,L/F0, shown in Fig. 3.2 These ratios an
2
We note that, for a better omparison among them and with other observables, the sale of the
y axis in eah plot is hosen so that the range approximately orresponds to two standard deviations
(with the expeted LHC preision) around the theoretial SM value.
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Fi ρi
VR [−0.094, 0.16] [−0.051, 0.12]
gL [−0.075, 0.043] [−0.055, 0.023]
gR [−0.022, 0.022] [−0.025, 0.025]
Table 1: 1σ bounds of anomalous ouplings obtained from the measurement of heliity
frations Fi and ratios ρi.
be diretly measured with a t to the cos θ∗ℓ distribution as well. From the expeted
preision in their determination in Ref. [19℄, and assuming that the entral values
orrespond to the SM predition, we have ρR ≃ 0.0005± 0.0026, ρL ≃ 0.423 ± 0.036.
From these values, the limits given in the seond olumn of Table 1 an be obtained,
with an important improvement for VR and gL.






























Figure 3: Dependene of the heliity ratios ρR,L = ΓR,L/Γ0 on the anomalous ouplings
in Eq. (1), in the CP-onserving ase.
To onlude this setion, we would like to stress the importane of keeping the
bottom quark mass in the alulations. Within the SM the mb orretion to the heliity
frations is small, of order x2b = 7.5×10−4, as it an be seen in Eqs. (2). However, as it
an also be observed, the interferene terms involving gL or VR ouplings with VL are
proportional to xb = 0.027, and are of similar magnitude as the quadrati terms. The
eet of inluding mb in the omputations is illustrated in detail in the appendix.
3 Angular asymmetries
A simple and eient method to extrat information about the Wtb vertex is through
angular asymmetries involving the angle θ∗ℓ between the harged lepton momentum (in
7
the W boson rest frame) and the W+ boson momentum (in the top quark rest frame).
Alternatively, one may onsider the angle θℓb between the harged lepton and b quark
momenta in the W rest frame. Both approahes are equivalent sine these two angles
are related by θ∗ℓ + θℓb = π. (The determination of θℓb, however, is simpler, beause
both momenta are measured in the same referene frame without any ambiguity in the
boosts.) For any xed t in the interval [−1, 1], one an dene an asymmetry
At =
N(cos θ∗ℓ > t)−N(cos θ∗ℓ < t)




The most obvious hoie is t = 0, giving the forward-bakward (FB) asymmetry AFB
[9,20℄.
3
It is analogous to the FB asymmetries at LEP, whih together with the ratios
Rb, Rc allow us to extrat the ouplings of the c and b quarks to the Z boson. The FB




[FR − FL] . (8)
The measurement of this asymmetry alone is not enough to fully reonstrut the cos θ∗ℓ
distribution. One an then think about other asymmetries for dierent values of t.
The determination of Fi is easier if we onstrut asymmetries involving only FR and
F0, or FL and F0. This is ahieved hoosing t = ∓(22/3 − 1). Dening for onveniene
β = 21/3 − 1, we have
t = −(22/3 − 1) → At = A+ = 3β[F0 + (1 + β)FR] ,
t = (22/3 − 1) → At = A− = −3β[F0 + (1 + β)FL] . (9)











F0 = −1 + β
1− β +
A+ − A−
3β(1− β) . (10)
The three asymmetries AFB, A+, A− are quite sensitive to anomalousWtb interations.
Their SM values are AFB = −0.2225, A+ = 0.5482, A− = −0.8397, and their depen-
dene on the non-standard ouplings is shown in Fig. 4. Taking the expeted preision
in their measurement from Ref. [19℄ and assuming as entral values the SM preditions,
we obtain AFB ≃ −0.223± 0.013, A+ ≃ 0.548± 0.010, A− ≃ −0.8397± 0.0033. Using
3
Notie the dierene in sign with respet to the denitions in Refs. [9, 20℄, where θℓb is used.
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e.g. the latter two, the heliity frations an be determined as
FR = 0.0017± 0.0071 ,
FL = 0.2981± 0.0167 ,
F0 = 0.7002± 0.0184 . (11)
The errors quoted take into aount the orrelation between the two measurements,
whih is determined writing the asymmetries in terms of the numbers of events in
three bins: [−1,−(22/3 − 1)], [−(22/3− 1), (22/3− 1)] and [(22/3− 1), 1]. We omit these
details for brevity. The values extrated in this way are less preise than if obtained
from a diret t, but the method employed is muh simpler too. The eventual limits
whih would be extrated from asymmetry measurements are olleted in Table 2. A+
exhibits the strongest dependene on gR and, if measured as preisely as it is expeted,
it would set the best limits on this oupling. On the other hand, A− is the most
sensitive to VR and gL and sets the strongest bounds on them. The limits obtained
from asymmetry measurements are ompetitive with those obtained from a diret t
to the cos θ∗ℓ distribution.
A+ A− AFB
VR [−0.19, 0.19] [−0.084, 0.14] [−0.16, 0.19]
gL [−0.14, 0.11] [−0.071, 0.039] [−0.11, 0.082]
gR [−0.018, 0.018] [−0.023, 0.022] [−0.025, 0.024]
Table 2: 1σ bounds on anomalous ouplings obtained from the measurement of angular
asymmetries.
4 Energy distributions
The harged lepton energy in the W rest frame is xed by the kinematis of the two-
body deay W → ℓν. Its energy in the top quark rest frame, denoted from now on by




(EW + |~q | cos θ∗ℓ ) , (12)
with |~q |, given in Eq. (3), the W boson momentum in the top rest frame and EW
its energy. Therefore, the angular distribution of the harged lepton in W rest frame
determines its energy in the top rest frame. The maximum and minimum energies are
9












































Figure 4: Dependene of the asymmetries A+, A− and AFB on the ouplings gL, gL
and VR, for the CP-onserving ase.
E
max
= (EW + |~q |)/2, Emin = (EW − |~q |)/2. The energy distribution is obtained from













3(Eℓ −Emin)2 FR + 3(Emax −Eℓ)2 FL
+6(E
max
− Eℓ)(Eℓ − Emin)F0] . (13)
The desription of the top deay in terms of cos θ∗ℓ or Eℓ seems then equivalent, up to
a hange of variables. Any asymmetry built using cos θ∗ℓ , dened around a xed value
t, an be translated into an equivalent asymmetry involving Eℓ, dened around a xed
energy Et = (EW + |~q | t)/2, namely
At =
N(Eℓ > Et)−N(Eℓ < Et)
N(Eℓ > Et) +N(Eℓ < Et)
. (14)
However, in ontrast to what was demonstrated in setion 2 for the angular distribu-
tions, nite width orretions have a non-negligible inuene on Eℓ. This an be seen
in Fig. 5, where we plot the energy distribution alulated analytially for t and W on
10
shell and from a Monte Carlo alulation inluding nite width eets. The values of
the asymmetries A+, A− and AFB, alulated analytially and numerially (the latter
for the cos θ∗ℓ and Eℓ distributions) are shown in Table 3. One an notie the larger
inuene of nite width orretions for energy asymmetries.
























Figure 5: Dierential distribution in Eq. (13) within the SM, alulated analytially
and with a Monte Carlo simulation.
Analytial Angular Energy
A+ 0.5482 0.5492 0.5529
A− -0.8397 -0.8393 -0.8339
AFB -0.2225 -0.2212 -0.2166
Table 3: Values of the asymmetries A+, A−, AFB obtained from the analytial expres-
sion (rst olumn) and from the Monte Carlo simulation, the latter from the measure-
ment of the distributions of cos θ∗ℓ (seond olumn) and El (third olumn).
The expeted preision in energy asymmetries is worse than for the angular ones
(given in the previous setion) as it might be expeted: AFB ≃ −0.223± 0.024, A+ ≃
0.548± 0.013, A− ≃ −0.840± 0.016 [21℄. Therefore, in priniple their study does not
seem to bring any improvement from the experimental side.
5 Spin asymmetries
Additional angular asymmetries an be built involving the top spin. Top quarks are
produed unpolarised at the tree level in QCD interations, and with a very small
O(10−2) transverse polarisation at one loop. However, the t and t¯ spins are strongly
11
orrelated, what allows the onstrution of angular asymmetries at the perent level.
The top (anti)quark spins are not diretly observable, but inuene the angular dis-
tribution of their deay produts. For the deay t → W+b → ℓ+νb, qq¯′b, the angular
distributions of X = ℓ+, ν, q, q¯′,W+, b (whih are alled spin analysers) in the top








(1 + αX cos θX) (15)
with θX the angle between the three-momentum of X (in the t rest frame) and the top
spin diretion. The onstants αX are alled spin analysing power of X and an range
between −1 and 1. In the SM, αℓ+ = αq¯′ = 1, αν = αq = −0.31, αW+ = −αb = 0.41 at
the tree level [25℄ (q and q′ are the up- and down-type quarks, respetively, resulting
from the W deay). One-loop orretions modify these values to αℓ+ = 0.998, αq¯′ =
0.93, αν = −0.33, αq = −0.31, αW+ = −αb = 0.39 [26, 27℄. We point out that in the
presene of non-vanishing VR, gL or gR ouplings the numerial values of the onstants
αX are modied, but the funtional form of Eq. (15) is maintained. For the deay
of a top antiquark the distributions are the same, with αX¯ = −αX as long as CP is
onserved in the deay.
Working in the heliity basis and negleting small spin interferene eets, so that
the ross setion fatorises into prodution times deay fators, the double angular








(1 + C αXαX¯′ cos θX cos θX¯′) . (16)
The angles θX , θX¯′ are measured using as spin axis the parent top (anti)quark momen-
tum in the tt¯ CM system. The fator
C ≡ σ(tRt¯R) + σ(tLt¯L)− σ(tRt¯L)− σ(tLt¯R)
σ(tRt¯R) + σ(tLt¯L) + σ(tRt¯L) + σ(tLt¯R)
(17)
is the relative number of like heliity minus opposite heliity tt¯ pairs, and measures
the spin orrelation between the top quark and antiquark.
4
We note that due to
P invariane of the QCD interations, σ(tRt¯L) = σ(tLt¯R), and by CP onservation
σ(tRt¯R) = σ(tLt¯L). This is the reason why terms linear in cos θX , cos θX¯′ are absent in
4
Other onventions in the literature (e.g. Refs. [24,27℄) denote by C what in our ase is the produt
C αXαX¯′ . We prefer to keep the notation in Refs. [1, 22℄ and separate the ontributions from the
prodution (C) and the deay (αX , αX¯′) sine the former is sensitive to new physis in the tt¯ prodution
proess while the latter are sensitive to non-standard Wtb interations. This deomposition is not
possible if non-fatorisable radiative orretions to the prodution and deay proess are inluded.
Anyway, these orretions are expeted to be small.
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Eq. (16). In other words, terms linear in the osines are present only if the top quarks
are produed with a net polarisation in the heliity basis, what does not happen in
pure QCD prodution. The atual value of C depends to some extent on the parton
distribution funtions (PDFs) used and the Q2 sale at whih they are evaluated. Using
the CTEQ5L PDFs [28℄, we nd C = 0.310. At the one loop level, C = 0.326± 0.012
[27℄.
Using the spin analysers X, X¯ ′ for the respetive deays of t, t¯, one an dene the
asymmetries
AXX¯′ ≡
N(cos θX cos θX¯′ > 0)−N(cos θX cos θX¯′ < 0)
N(cos θX cos θX¯′ > 0) +N(cos θX cos θX¯′ < 0)
, (18)





If CP is onserved in the deay, for harge onjugate deay hannels we have αX′αX¯ =
αXαX¯′, so the asymmetries AX′X¯ = AXX¯′ are equivalent. Therefore, we an sum both
hannels and drop the supersripts indiating the harge, denoting the asymmetries by
Aℓℓ′ , Aνℓ′ , et. (CP-violating eets will be disussed in the next setion). In semilep-
toni top deays we an selet as spin analyser the harged lepton, whih has the largest
spin analysing power, or the neutrino, as proposed in Ref. [23℄. In hadroni deays the
jets orresponding to up- and down-type quarks are very diult to distinguish, and
one possibility is to use the least energeti jet in the top rest frame, whih orresponds
to the down-type quark 61% of the time, and has a spin analysing power αj = 0.51 at
the tree level. An equivalent possibility is to hoose the d jet by its angular distribution
in the W− rest frame [24℄.
Among many other possibilities, in the lepton + jets deay mode of the tt¯ pair,
tt¯ → ℓνbjjb¯ we hoose the two asymmetries Aℓj, Aνj, for whih we obtain the SM
tree-level values Aℓj = −0.0396, Aνj = 0.0123. With the preision expeted for their
measurement at LHC [19℄, the measurements Aℓj ≃ −0.0396± 0.0058, Aνj ≃ 0.0123±
0.0056 are feasible. The dependene of these asymmetries on anomalousWtb ouplings
is depited in Fig. 6 (we remind the reader that in eah plot the y axis sale is hosen
so that the range approximately orresponds to two standard deviations around the
theoretial SM value). These plots are obtained with a high-statistis Monte Carlo
simulation, inluding all spin and nite width eets. In the dilepton hannel tt¯ →
ℓνbℓ′νb¯ we selet the asymmetries Aℓℓ′ , Aνℓ′ , whose SM values are Aℓℓ′ = −0.0775,
Aνℓ′ = 0.0194. The unertainty in their measurement an be estimated from Refs. [18,
19℄, yielding Aℓℓ′ ≃ −0.0775 ± 0.0060, Aνℓ′ ≃ 0.0194 ± 0.0087. Their variation when
anomalous ouplings are present is shown in Fig. 6.
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Figure 6: Dependene of the spin orrelation asymmetries Aℓj , Aνj , Aℓℓ′ and Aνℓ′ on
the ouplings gR, gL and VR, for the CP-onserving ase.
The omparison of these plots with the ones in previous setions makes apparent
that, given the experimental auraies ahievable in eah ase, spin orrelation asym-
metries are muh less sensitive to non-standard Wtb ouplings. This implies that, if
no deviations are found in the measurement of the heliity ratios ρR,L and angular
asymmetries A±, spin-dependent asymmetries an be used to test tt¯ spin orrelations
in the prodution, without ontamination from possible new interations in the deay.
In partiular, this is the ase of Aℓℓ′ and Aℓj, whose relative auray is better, 7.7%
and 15%, respetively. The determination of the orrelation fator C in Eq. (17) from
these asymmetries would eventually give






Aℓj → C = 0.310± 0.045 (exp) +0.0005−0.0007 (δgR) +0.0002−0.0009 (δgL) +0.0001−0.0095 (δVR) . (20)
The rst error quoted orresponds to the experimental (systemati and statisti) un-
ertainty. The other ones are systemati unertainties obtained varying the anomalous
14
ouplings (one at a time) within the best 1σ limits obtained in the previous setions:
− 0.018 ≤ gR ≤ 0.018 ,
− 0.055 ≤ gL ≤ 0.023 ,
− 0.051 ≤ VR ≤ 0.12 . (21)
Clealy, the systemati unertainty in C due to new physis in top deay will be neg-
ligible. The numerial omparison of the dierent terms in Eqs. (20) also shows that
Aℓj and Aℓℓ′ are muh less sensitive to non-standard top ouplings than A+, A− and
ρR,L.
It is also interesting to study the relative distribution of one spin analyser from the
t quark and other from the t¯. Let ϕXX¯′ be the angle between the three-momentum of
X (in the t rest frame) and of X¯ ′ (in the t¯ rest frame). The angular distribution an








(1 +DαXαX¯′ cosϕXX¯′) , (22)
with D a onstant dened by this equality. In our simulations we obtain the tree-level
value D = 0.217, while at one loop D = 0.238 [27℄, with a theoretial unertainty of
∼ 4%. Corresponding to these distributions, we an build the asymmetries
A˜XX¯′ ≡
N(cosϕXX¯′ > 0)−N(cosϕXX¯′ < 0)





For harge onjugate deay hannels the distributions an be summed, sine αX′αX¯ =
αXαX¯′ provided CP is onserved in the deay. In the semileptoni hannel we on-
sider the asymmetries A˜ℓj, A˜νj, whose SM values are A˜ℓj = 0.0554, A˜νj = −0.0174.
In the dilepton hannel we study A˜ℓℓ′ and A˜νℓ′ , for whih we nd A˜ℓℓ′ = 0.1088,
A˜νℓ′ = −0.0316. The experimental preision expeted [18, 19℄ for A˜ℓj, A˜ℓℓ′ yields
A˜ℓj ≃ 0.0554±0.0061, A˜ℓℓ′ ≃ 0.1088±0.0056. Simulations are not available for the other
two asymmetries involving one neutrino momentum. Assuming that the relative error is
as for Aνj, we an estimate the values A˜νj ∼ −0.0174±0.0078, A˜νℓ′ ∼ −0.0316±0.0142,
muh less preise than when the harged lepton is used. The variation of the four asym-
metries when non-standard ouplings exist is shown in Fig. 7. Although more sensitive
to anomalous ouplings than the previous spin asymmetries AXX¯′ onsidered, they are
not ompetitive in the determination of the Wtb vertex struture. Instead, we an use
them to test top spin orrelations. From these asymmetries one an extrat the value
of D, obtaining






A˜ℓj → D = 0.217± 0.024 (exp) +8×10−5−0.0003 (δgR) +0.0001−0.0006 (δgL) +7×10
−5
−0.0066 (δVR) . (24)
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The errors quoted orrespond to the experimental (systemati + statistial) unertainty
and the variation when one of the anomalous ouplings is allowed to be nonzero, always
within the intervals in Eqs. (21).






















































Figure 7: Dependene of the spin orrelation asymmetries A˜ℓj , A˜νj , A˜ℓℓ′ and A˜νℓ′ on
the ouplings gR, gL and VR, for the CP-onserving ase.
6 Eet of omplex phases in heliity frations and
spin asymmetries
In the previous setions we have assumed that any non-standard Wtb ouplings are
real, either positive or negative. We have also pointed out that, if a non-zero oupling
gR exists, its phase has an important inuene on W heliity frations and angular
distributions determined by them. Complex phases in VR, gL and gR inuene the
heliity frations Fi through interferene terms, whih involve the real parts of these
ouplings (assuming VL real). (Interferene terms are the most important ones for
small values of VR, gL and gR, and for the latter oupling they are unsuppressed.)
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The maximum and minimum eets of anomalous ouplings on Fi are obtained when
they are real, negative or positive (not neessarily in this order). We show in Fig. 8
the values of the heliity frations for xed moduli and arbitrary phases of the new
ouplings, VR = 0.1 e
iφVR
, gL = 0.1 e
iφgL
, gR = 0.1 e
iφgR
(one dierent from zero at a
time), to illustrate the eet of the phases. The plot sales have been enlarged to over












































Figure 8: Dependene of the heliity frations Fi on the phases of the anomalous
ouplings (see the text for details).
For gL and VR the deviations from the SM value are relatively stable under variations
of the phases, beause the linear terms (whih depend on the phase) and quadrati ones
(whih do not) are omparable in magnitude. Thus, the presene of a omplex phase
does not signiantly aet the observability of the oupling. On the other hand, for
gR the eet of the phase is dominant, and we notie that for phases φgR = ±π/2 the
heliity frations are very lose to their SM values, so that a purely imaginary oupling
gR ∼ O(0.1) ould remain unnotied in an analysis of angular distributions. We also
note that the plots are symmetri with respet to the y axis, beause Fi depend on
17
ReVR, Re gL, Re gR and the moduli. This also implies that omplex ouplings have the
same eet on the heliity frations in t and t¯ deays. Therefore, the omparison in t
and t¯ deays of the angular distributions studied does not give any extra information
regarding the omplex phases, and further observables are needed in order to investigate
this possibility.
We have analysed the phase dependene of the most interesting spin asymmetries,
Aℓj , A˜ℓj, Aℓℓ′ and A˜ℓℓ′ (in semileptoni deays, we have onsidered W
+ → ℓ+ν, W− →
q¯q′). The results are presented in Fig. 9, taking VR = 0.1 e
iφVR
, gL = 0.1 e
iφgL
, gR =
0.1 eiφgR (one dierent from zero at a time). The plots are saled so that the range
of variation of the asymmetries orresponds to 2σ. We notie that the eet of the
phases is barely detetable, even with a greater experimental preision, and in any
ase the phase and modulus of an eventual anomalous oupling measured ould not be
disentangled.






















































Figure 9: Dependene of several spin asymmetries on the phases of the anomalous
ouplings (see the text for details).
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7 CP-violating asymmetries
In this setion we examine whether the existene of omplex phases in the anomalous
ouplings an be deteted using CP-violating asymmetries. The possibility of a rela-
tively large imaginary oupling gR is partiularly intriguing, sine angular distributions
are very sensitive to this oupling provided its phase is not lose to ±π/2. For the other
ouplings, gL and VR, the situation is not so dramati, beause the observability mainly
depends on their moduli.





is CP-violating, and vanishes at the tree level in QCD interations. The top and antitop
spins an be inferred using their deay produts as spin analysers, in the same way as
in setion 5. We thus write
ARLCP =
N(cos θX > 0, cos θX¯′ > 0)−N(cos θX < 0, cos θX¯′ < 0)
N(cos θX > 0, cos θX¯′ > 0) +N(cos θX < 0, cos θX¯′ < 0)
. (26)
Even with ALRCP vanishing in the prodution proess, omplex phases in the deay ould
in priniple lead to an observable asymmetry. We have onsidered the dilepton hannel,
in whih larger asymmetries are expeted beause of the higher spin analysing power
of the harged leptons. We have found that, for anomalous ouplings of order O(0.1)
and arbitrary phases, this asymmetry remains below the permille level, and with values
onsistent with zero within Monte Carlo unertainty. Observation of suh asymmetry
would then unambiguously indiate CP-violating eets in tt¯ prodution, whih are
possible, for instane, in two Higgs doublet models [3133℄.
We also investigate triple-produt asymmetries dened in the dilepton hannel,
ATiCP =
N(Ti > 0)−N(Ti < 0)
N(Ti > 0) +N(Ti < 0)
, (27)
where the triple produts Ti are [32, 34℄
T1 = eˆ · (~pℓ+ − ~pℓ−) (~pℓ+ × ~pℓ−) · eˆ ,
T2 = (~pb − ~pb¯) · (~pℓ+ × ~pℓ−) ,
T3 = (~pt − ~pt¯) · (~pℓ+ × ~pℓ−) . (28)
The unit vetor eˆ is taken in the beam diretion and the partile momenta follow ob-
vious notation. Final state partile momenta an be measured in the laboratory frame
or, if the kinematis of the event is ompletely reonstruted, in other referene system.
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For asymmetries built using T1 and T3 we have found values O(10
−4), and ompatible
with zero, taking anomalous ouplings of order O(0.1) with arbitrary phases. On the
other hand, we have found that AT2CP is sensitive to a gR oupling of this magnitude.
The asymmetry is larger if the harged lepton and b quark momenta are measured
in the respetive rest frames of the deaying top quarks. However, its observability
will depend on systemati errors assoiated to the reonstrution, whih have not been
estimated as yet, and may be better when dened in the laboratory frame. The asym-
metry AT2CP in both referene systems as plotted in Fig. 10, for ouplings gR = 0.05,



























Figure 10: Dependene of the CP asymmetry AT2CP , dened in top quark rest frame
(left) and laboratory system (right), on the phase of gR.
Other asymmetries disussed in the literature are based on the dierenes
∆1 = Eℓ+ − Eℓ− ,
∆2 = ~pt¯ · ~pℓ+ − ~pt · ~pℓ− ,
∆3 = cos θℓ+ − cos θℓ− . (29)
These quantities do not involve the produt (~pℓ+×~pℓ−), and then they an be measured
in the semileptoni hannel too [34℄. The asymmetries are built as in Eq. (27), and
take values below the permille level for anomalous ouplings of the size onsidered in





whih is measured using the harged leptons as spin analysers,
ARLP =
N(cos θX > 0, cos θX¯′ < 0)−N(cos θX < 0, cos θX¯′ > 0)
N(cos θX > 0, cos θX¯′ < 0) +N(cos θX < 0, cos θX¯′ > 0)
. (31)
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We have found ARLP ∼ 1.5×10−3, and insensitive to anomalous ouplings O(0.1). This
asymmetry an be sizeable in SM extensions [37℄.
We nally emphasise that, even in the ases where they are insensitive to omplex
anomalous Wtb ouplings, the CP-violating asymmetries studied here are still very
useful to disentangle CP violation in the prodution and the deay. If these asymmetries
are found to be non-vanishing, they learly signal CP violation in tt¯ prodution. On




New physis, if it exists lose to the eletroweak sale, may manifest itself through non-
standard top interations. In this paper we have disussed top pair deays at LHC as a
probe of the Wtb vertex. We have examined angular and energy distributions, as well
as asymmetries, involving or not the top quark polarisation. Among the observables
disussed, the best sensitivity to anomalous Wtb ouplings is given by the W heliity
frations Fi = Γi/Γ, i = L,R, 0, and related observables. We have obtained analytial
expressions for Fi, for a general CP-violating Wtb vertex with the top quark and W
boson on their mass shell, and keeping a non-zero bottom quark mass. We have shown,
omparing with exat numerial results, the high auray of this approximation when
studying angular distributions. We have also pointed out the importane of keeping
the bottom mass in the alulations, in ontrast with previous studies in the literature.
W heliity frations an be extrated from a t to the harged lepton angular distri-
bution inW rest frame. The same analysis an be used to determine the heliity ratios
ρR,L = ΓR,L/Γ0, whih are atually more sensitive to VR and gL-type anomalous ou-
plings, given the experimental unertainties assoiated to eah observable. A simpler
method to probe the Wtb vertex, without the need of a t to the harged lepton dis-
tribution, is through angular asymmetries. We have introdued two new asymmetries
A+ and A−, in addition to the lW (or lb) forward-bakward asymmetry AFB previously
studied [9℄. These new asymmetries allow us to: (i) obtain more preise bounds on
anomalous ouplings than AFB, omparable with those obtained from ρR,L and Fi, and
even better for a gR oupling; (ii) determine the heliity frations with a fair auray
without tting the harged lepton distribution. The W heliity frations determine
the harged lepton energy distribution in top rest frame as well. Energy asymmetries
an be built, but they are less suited for the study of anomalous ouplings beause
the approximation of onsidering the top quark and W boson on shell is worse, and
experimental unertainties on energy asymmetries are larger. The best limits found,
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using A+ and ρR,L, are
− 0.018 ≤ gR ≤ 0.018 ,
− 0.055 ≤ gL ≤ 0.023 ,
− 0.051 ≤ VR ≤ 0.12 . (32)
Spin orrelations and spin-dependent asymmetries probe not only the Wtb inter-
ations but also the dynamis of tt¯ prodution. Their study is very interesting from a
theoretial point of view, beause they are sensitive to e.g. the exhange of a salar
partile in s hannel [35℄ or anomalous gtt ouplings [36℄. It is then ruial to disen-
tangle new physis in the prodution from possible anomalous Wtb ouplings. Using
the strit bounds on the latter, obtained from top deay angular distributions, we have
set expliit limits on the variation of two fators C, D whih measure the tt¯ spin or-
relation. These limits are muh smaller than the experimental preision expeted for
the measurement of C and D,













−0.0042 (δVR) . (33)
Hene, any deviation observed experimentally should orrespond to new physis in the
prodution.
Finally, we have addressed the possibility of omplex anomalous Wtb ouplings gL,
gR, VR. Complex phases in these terms inuene heliity frations and related quantities
via the interferene with the dominant SM oupling VL (whih we have normalised to
unity). For VR and gL, quadrati and interferene terms have the same magnitude,
and the eet of phases is not very relevant. For gR, however, the interferene term
dominates, and the dependene on the phase is very strong. One nds that a gR
oupling with a phase lose to ±π/2 has little eet on angular distributions, and even
with a relatively large modulus it ould remain unnotied in suh analyses. The same
has been found for spin orrelation asymmetries. However, we have shown that a CP
asymmetry based on the triple produt (~pb − ~pb¯) · (~pℓ+ × ~pℓ−) is sensitive to a omplex
gR, taking values up to ±2% for gR = ∓0.1i. If this asymmetry an be measured at
LHC with a preision below the perent level, it ould help to measure or bound gR.
The remaining CP asymmetries analysed are very small, and insensitive to anomalous
ouplings of this size. Therefore, they an be used to isolate CP violating eets in
tt¯ prodution [32, 33℄. On the other hand, single top prodution at LHC an probe
the Wtb interation, and B or super-B fatories, with preise measurements of CP
asymmetries e.g. in b → sγ, might also give indiret evidene for (real or omplex)
anomalous Wtb ouplings, helping to determine the struture of this vertex.
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A Eet of mb in the heliity frations
As it an be observed in Eqs. (2), interferene terms involving VR (or gL) and the
dominant SM oupling VL are proportional to xb = mb/mt. These terms are of equal
size as the quadrati terms for small VR, gL, and annot be negleted in the analysis.
To illustrate their importane, we plot in Fig. 11 the dependene of the three heliity
frations on the anomalous ouplings, for mb = 4.8 GeV and negleting mb. The
dierenes are apparent for FR, and for F0 we have the extreme situation that the only
dependene of this quantity on VR is through the xb term.
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Figure 11: Dependene of the heliity frations Fi on VR and gL, for mb = 4.8 GeV and
negleting the b quark mass.
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